Microcystis occurs as colonies in the natural environment but disaggregates into single cells in laboratory cultures. In order to explore the mechanism of how Microcystis forms colonies, the zeta potentials of Microcystis cells from the laboratory and the field were studied, and the hydrophobicity of Microcystis colonies in different sizes was investigated in Lake Taihu. The incubation experiment indicated that the zeta potentials of Microcystis cells were affected by growth phase and species.
INTRODUCTION
Cyanobacterial bloom, especially Microcystis bloom, is rampant in eutrophic freshwater lakes and causes a crisis in human and ecological health. Given its large colony formation in surface or sub-surface waters (Cao & Yang ) , the mechanism of Microcystis colony formation should be investigated to understand the formation of Microcystis bloom and to control the bloom. Many studies have shown that predation by zooplankton (Burkert et al. ; Yang & Kong ) , microcystin (Gan et al. ) , and nutrients (Chen et al. ; Ma et al. ) may affect colony formation of Microcystis. Additionally, the hydrodynamic disturbance under a certain intensity could be conducive to small Microcystis colonies forming into large colonies (Zhou ) . This result suggested that interactions between cell surfaces were important to colony formation. However, the surface characterization of algal cells/colonies has received little attention.
Algal cells excrete extracellular polymer substances to promote cell growth or to protect themselves against adverse environments (De Philippis & Vincenzini ). These substances contain active functional groups such as hydroxyl, amine, and carboxylic groups, which play a major role in surface binding capacity, biomineralization, and adhesion (Dittrich & Sibler ; Pokrovsky et al. ) . The adhesion mechanism of cell surfaces was dominated by the electrostatic interactions or by the hydrophobicity interactions on the surface, which could be expressed by the zeta potential and hydrophobicity, respectively (Sirmerova et al. ) . Cells with greater hydrophobicity were more likely to aggregate or form colonies (Yang et al. ) . Surface charge characterized by zeta potential plays a key role in maintaining optimal cellular function and regulates processes, including cation binding (e.g., metals or nutrients) and surface stability (Riddick ; Wilson et al. ; Martinez et al. ) . Thus, understanding the zeta potential on cells would be helpful for us to know the mechanism of colony formation and bloom outbreaks. Additionally, zeta potential was considered to be a useful tool to estimate the efficiency of algal or organic matter removal in water treatment (Riddick ; Henderson et al. ) .
Understanding the surface characteristics of Microcystis cells may be essential in explaining the mechanism of colony formation and may be useful to control the bloom. Therefore, the objectives of this study were to (1) study the zeta potential of Microcystis spp. as pure culture and taken from the field from Lake Taihu, and explore the effect of factors (e.g., growth phase and species) on the zeta potentials of Microcystis, (2) investigate the hydrophobicity of Microcystis in different sizes, and (3) explore the roles of zeta potential and hydrophobicity in the Microcystis bloom, especially in the formation mechanism of the Microcystis colony.
MATERIALS AND METHODS

Field sample collection
The cyanobacteria were collected in Meiliang Bay from April to October in 2012. During this period, the cyanobacteria samples were collected using a plankton net at a fixed site. Then, the collected samples were immediately sent to the laboratory to measure zeta potential. For hydrophobicity determination, the cyanobacteria collected in August during the bloom period were divided into five classes according to colony size: <20, 20-100, 100-200, 200-400, and >400 μm.
Experimental culture
Microcystis aeruginosa (FACHB-1214) and Microcystis flosaquae (FACHB-1028) in the axenic culture were obtained from the Institute of Hydrobiology, Chinese Academy of Sciences, China. The initial concentrations of carbon, nitrogen, and phosphorus in the culture media were modified to approximate the natural environment in this lake (Paerl et 
Zeta potential analysis
The zeta potential was determined at room temperature using a JS94Gþ microelectrophoresis apparatus made in China (Hou et al. ) . Briefly, the cell suspension was agitated and transferred to the electrophoresis vessel after the electrode was wetted to avoid disturbance due to air bubbles. The migration of the cell particles under a potential gradient of about 10 V·cm À1 was observed on a computer screen through a camera and a multimedia system with 1,200 × amplification. The average of the electrophoretic velocity was obtained with the computer by timing 10 particles, first in one direction and then, upon reversal of the polarity of the applied electrical field, in the opposite direction. The surface charge of cells was assessed by a computer with software based on the Helmholtz-Smoluchowski equation (Hong & Xiao-Nian ) . This step was repeated 10 times, and the average value of zeta potential from 10 replicates is reported in this paper. Cultured algal suspension was harvested directly in triplicate with centrifugation of 10,000 g for 10 min at 4 W C and re-suspended in 10 mL of 0.1 mol·L À1 NaNO 3 . For field algae, disintegration of Microcystis colonies was conducted by ultrasonic treatment before centrifugation (Yang et al. ) . The pH of the washed cell suspensions was adjusted from 3 to 10 by HNO 3 or NaOH (0.1 M) addition.
Influence of pretreatment of cells on hydrophobicity
To determine the effects of common pretreatments on hydrophobicity, three methods were tested: (1) filtration only; (2) centrifugation only; (3) centrifugation after formalin fixation. Considering that the collected field algal colony was floating on the water surface, low frequency ultrasound was used to make the cells sink, making them easier to collect (Zhang et al. , ) .
Hydrophobicity analysis
The hydrophobicity of the cell surface was evaluated by the xylene-water two-phase system (Luo et al. ) . Briefly, field cyanobacterial cells were ultrasonically treated and harvested by centrifugation, and then re-suspended in 0.2 M sodium hydrogen phosphate buffer (pH ¼ 7.0). The concentration of algal cells was counted with a microscope and denoted as N 0 . A volume of 0.5 mL of xylene was added to 4 mL of cell suspension. The two-phase system was vortexed for 30 s and settled for 15 min. The algal cells in the aqueous phase were counted as N t . The percentage hydrophobicity (H) was calculated by H ¼ (N 0 -N t )/N 0 × 100%, where N t is the cell numbers after settlement and N 0 is the cell before settlement.
Statistical analysis
Differences between various treatment groups were analyzed by Kruskal-Wallis nonparametric tests with the SPSS 17.0 statistical package, and the graphs were prepared in Soft Origin 8.5.
RESULTS
Zeta potential of field cyanobacteria
The zeta potentials of field cyanobacteria at pH 7.0 at Taihu Laboratory for Lake Ecosystem Research are shown in Figure 1 , and the values depending on pH value in two different seasons are presented in Figure 2 . As shown in Figure 1 , the zeta potentials of field cyanobacteria at pH 7.0 ranged from À20.9 to À8.3 mV. Among them, the zeta potential of cells in June was similar to the previously reported value (À18 mV) of Sun et al. () . In Figure 2 , the zeta potential values decrease with increasing pH. The zeta potentials in July (summer) were higher than those in April (spring). The long-term dynamics of pH values from 2004 to 2013 in Meiliang Bay, where serious Microcystis bloom always occurs, are presented in Figure 3 . The pH values were all above 7.0 with a mean value of 8.3 during the past 10 years, and seasonal patterns were evident. High pH values were always observed in summer and early autumn, and low pH values were observed in spring and winter. The pH value peaked at 9.4 in July 2008. Monthly pH values during summer (June-August) and autumn (SeptemberNovember) during these 10 years were significantly higher than those during spring (March-May) and winter (December-February) (P < 0.001).
Zeta potential of pure cultured Microcystis spp.
The growth curves of M. aeruginosa FACHB-1214 and M. flos-aquae FACHB-1028 are shown in Figure 4 . The exponential phase (0-11 days) and stationary phase (15-30 days) can be distinguished from this figure. Therefore, days 7 and 25 of incubation time were chosen to present the exponential phase and the stationary phase. The surface zeta potentials of pure cultured M. aeruginosa and M. flos-aquae at pH 7.0 The values of these two Microcystis species during the exponential and stationary phases both decreased by increasing the pH values ( Figure 6 ). Additionally, the zeta potentials of Microcystis spp. (FACHB-1028 and FACHB-1214) in the log phase in a large range of pH values (3-10) were higher than those of corresponding species in the stationary phase, but no significant difference was found between these two Microcystis species whether in the log phase or in the stationary phase ( Figure 6 ).
Hydrophobicity
The effect of pretreatment on field algal hydrophobicity was assessed (Figure 7) . The hydrophobicity after formalin fixation and centrifugation was significantly higher than that with centrifugation only (P < 0.05). By determining the hydrophobicity of different colony sizes (Figure 8) , the strongest hydrophobicity with mean value of 14.5% was observed in the colony size less than 20 μm, and the weakest hydrophobicity with the average value of 1.7% belonged to the size larger than 400 μm. The hydrophobicity of colony with size less than 20 μm was significantly stronger than that of colony with size between 20 and 100 μm and size between 200 and 400 μm.
DISCUSSION Zeta potential of blooming Microcystis
The zeta potential is the potential at the solid surface of a colloid electrical double layer. The zeta potential is closely related to the charges on the particle surface. The zeta potential of algal cells affected their physiological status and nutrient absorption. Recently, cyanobacterial blooms have been rampant and serious. Thus, the surface characteristics of cyanobacterial cells should be studied to understand well the blooms and to control them. Zeta potential as an important index to characterize the surface charge has been applied in wastewater treatment (Han & Kim ; Henderson et al. ) . Whether the Microcystis cells are collected from the field or the culture, the zeta potentials of the cell surface were all negative, suggesting that the cell surface carried negative charges. The zeta potentials of both the field and cultured Microcystis cells decreased by increasing pH value in the range of 3-10, indicating that the isoelectric point value was less than 3. According to the report of Henderson et al. () , the isoelectric point of extracellular polymeric substances (EPS) from M. aeruginosa during the exponential phase and stationary phase was about 2. This result suggested that the surface characteristic of cells or colonies could be reflected from the EPS. As shown in Figures 2 and 5 , the surface zeta potentials of cells changed with time. This result may be due to the changes of the composition and contents of bound extracellular polymeric substances (bEPS) (Bernhardt et al. ) . During the entire culture process, the zeta potential increased by decreasing the pH values. When pH values increased from 3 to 5, the zeta potential values decreased rapidly, which may be caused by deprotonating of carboxyl functional groups in the EPS (Daughney et al. ; Hadjoudja et al. ).
The absolute values of zeta potential decreased, the repulsive force between particles became weaker, the stability of the dispersion system lowered, and condensation and aggregation were more likely to occur. As shown in Figure 1 , the absolute zeta potential values on the surface of field cyanobacterial cells showed a trend of change from high to low from spring to autumn. The absolute values of zeta potential on the cell surface at different pH values in spring were higher than those in summer (Figure 2) . Therefore, the cyanobacterial cells in summer and autumn more easily aggregated into colonies and then formed into blooms. The reduction of the absolute values of zeta potential in summer could help explain the phenomenon observed by Cao & Yang () that cyanobacterial colony sizes in summer and autumn were larger than those in spring.
For both species M. aeruginosa and M. flos-aquae, the absolute values of zeta potential on the cell surface in the stationary phase were higher than those in the exponential phase (Figure 6 ), which not only suggested that the growth phase affected the zeta potential, but also meant that the stability of cells in the exponential phase was worse than that in the stationary phase. Thus, the cells in the exponential phase more easily formed colonies and aggregated with other organic matters. A difference in zeta potential exists between the species. Whether in the exponential phase or in the stationary phase, the variation amplitude of zeta potential of M. aeruginosa cells was larger than that of M. flos-aquae (Figure 6 ). This finding may be due to the fact that the variable surface charges of M. flos-aquae cells were less than those of M. aeruginosa cells. Additionally, we noted that when the pH value was more than 7, the absolute values of the zeta potentials of M. flos-aquae were lower than those of M. aeruginosa ( Figure 6 ). However, when the pH value was less than 7, the absolute values of the zeta potential of M. flos-aquae were higher than those of M. aeruginosa especially during the stationary phase ( Figure 6 ). In natural waters, the pH value was not less than 7 due to the photosynthesis of phytoplankton during the period of the cyanobacterial blooms (Xu et al. ) , which is also confirmed by Figure 3 . The pH values in all seasons during the past 10 years were more than 7.0, and the mean value was 8.3. Interestingly, significantly higher pH values were observed during the period of the cyanobacterial blooms (summer and autumn) (P < 0.01). This result suggested that Microcystis cells in alkaline waters could carry more negative charges. Considering that M. aeruginosa could carry more negative charges than M. flos-aquae, greater stability of cells or cell colonies would be observed for M. aeruginosa during the cyanobacterial blooming periods. In the alkaline environment, some metals such as manganese ions were relatively insoluble. Thus, the increase of negative charges on the cell surface would be critical for the absorption and settlement of cells (Parker et al. ) , which could enhance the capacity of binding cations, and then increase the competition for trace elements such as iron ions. Previous studies have shown that iron limitation was not only important for phytoplankton growth in the ocean but also critical for cyanobacteria in Lake Taihu; iron addition in waters of Lake Taihu could be beneficial for the growth of M. aeruginosa (Xu et al. ) . Microcystis cells in natural waters carried relatively high negative charge, which allows more nutrients (such as iron ions) or other cations to be absorbed, and would be beneficial for the Microcystis cells to dominate. The results reported by Li et al. () also showed that the EPS of field Microcystis have the strong capacity of binding metals.
Hydrophobicity of Microcystis
A previous study had reported that the surface of the Microcystis colony was hydrophobic, whereas the single cell in culture was hydrophilic (Yang et al. ) . Consistent with this report, the hydrophobicity of single Microcystis cell in culture was very low, such that it was not detected by the xylene-water two-phase system. Considering the collection of algal cells with different pretreatment methods, three common methods (centrifugation, filtration, and centrifugation after formalin fixation) were chosen in this study. By comparing the effect of pretreatment on the hydrophobicity of cyanobacteria in the field, we found little difference between filtration and centrifugation. However, the hydrophobicity after formalin fixation and centrifugation was significantly higher than centrifugation without fixation (P < 0.05), suggesting that formalin fixation changed the characterization of the algal surface. To avoid formalin contamination, the pretreatment of cells using filtration or centrifugation only should be conducted. The stronger hydrophobicity suggested that the adhesion capacity of the cell surface was stronger, which was more beneficial to the cells aggregating to form a colony (Fattom & Shilo ; Yang et al. ) . As shown in Figure 8 , the hydrophobicity of colonies in the small-sized fraction was stronger than those in the large-sized fraction, suggesting that a large amount of colony in the small-sized fraction during the early stage of the blooms would more easily aggregate to form a large colony. Cell hydrophobicity is considered to be related to polysaccharides and proteins on the cell surface (Castellanos et al. ; Vieira et al. ; Hadjoudja et al. ) . According to the result reported by Yang et al. () , the hydrophobicity of Microcystis cells was mainly due to surface polysaccharides. The higher the content of monosaccharides (rhamnose, fucose, and galactose) in polysaccharides, the stronger the hydrophobicity (Vieira et al. ) . Through investigating the compositions of polysaccharides in the bEPS fraction from field Microcystis colonies (Li et al. ) , the ratio of the sum of rhamnose, fucose, and galactose to total polysaccharides was up to 63.3% (Li et al. ) . Therefore, hydrophobicity was a good direct index for the evaluation of cell surface characterization and would be helpful to recognize the colony formation mechanism.
Scientific implication of study
Microcystis spp. are rampant in eutrophic lakes and always have two different morphologies. Microcystis spp. exist in the form of a colony in natural lakes, whereas in the laboratory, they exist in the form of single cells, even at very high level of cell density. Hence, studying the algal bloom mechanism, especially researching the colony formation mechanism in eutrophic Lake Taihu, is difficult. For that reason, we researched the surface characteristics of Microcystis in pure culture and field samples from Lake Taihu. The absolute zeta potentials of Microcystis spp. at pH 7.0 in the field decreased from spring to autumn (Figure 1 ) and the absolute values in a large range of pH values (3-10) in spring were higher than those in summer (Figure 2 ), suggesting that a large-sized Microcystis colony would more easily form in summer and autumn, which confirmed that larger-sized Microcystis colonies were observed during summer in Lake Taihu. M. aeruginosa and M. flos-aquae are the dominant species in Lake Taihu (Zhai et al. ) . For these species, the absolute values of zeta potential on the cell surface in the stationary phase were found to be higher than those in the exponential phase, indicating that the cells in the exponential phase more easily formed colonies and aggregated with other organic matters. This characteristic might help Microcystis spp. form colonies during the period of rapid growth. In addition, the absolute zeta potential values of M. aeruginosa were higher than those of M. flos-aquae, indicating M. aeruginosa has more stability in waters and more negative charges on the surface. Compared with M. flos-aquae, M. aeruginosa could absorb more nutrients (such as iron ions) or other cations and would be beneficial for M. aeruginosa to dominate. From this perspective, this result could explain why M. aeruginosa exists in lakes with the largest scale and the longest time and was dominant in number and frequency of occurrence (Zhai et al. ) . Therefore, we could deduce from this study that monitoring the zeta potentials of Microcystis would be a helpful tool for us to understand the dynamic process of bloom formation. A huge difference in hydrophobicity exists between single cells from the culture and colonies from the field. Stronger hydrophobicity was found in small colony sizes (<20 μm) than in large colony sizes. When the hydrophobicity is stronger, particles including cells would more easily aggregate. These results suggested that hydrophobicity appeared to play an important role in colony formation of bloom-forming Microcystis. Thus, hydrophobicity could be used as a good index for evaluating the cell surface characterization and would be helpful to explore the colony formation mechanism and the bloom outbreaks. In addition, considering that surface charge and hydrophobicity are involved in interfacial interaction of cells, such as flocculation, engineers could also benefit from knowing the zeta potentials and hydrophobicity of Microcystis to control the blooms.
CONCLUSION
An insight into the mechanism of Microcystis colony formation was provided by studying the surface characteristics of blooming Microcystis from eutrophic Lake Taihu. According to zeta potential measurement, the zeta potentials were affected by growth phase and species. The absolute zeta potential values in stationary phase were higher than those in exponential phase. This signified that Microcystis colony formation could be coupled with rapid growth. The absolute values of M. aeruginosa were higher than those of M. flos-aquae, which verified the field observation that M. aeruginosa more easily dominated in waters. Compared with single cells from the culture, colonies from the field have stronger hydrophobicity. Microcystis colonies of different sizes present various hydrophobicity. The hydrophobicity of colonies in the less than 20 μm size class was higher than that of larger colonies, which indicated that small-sized colonies would much more easily form a large colony. These results of this study help us explore the outbreak mechanism of cyanobacterial bloom, and are also of benefit to control the bloom.
